Analyses of the three valence-quark bound-state problem in relativistic quantum field theory predict that the nucleon may be understood primarily as a Borromean bound-state, in which binding arises mainly from two separate effects. One originates in non-Abelian facets of QCD that are expressed in the strong running coupling and generate confined but strongly-correlated colourantitriplet diquark clusters in both the scalar-isoscalar and pseudovector-isotriplet channels. That attraction is magnified by quark exchange associated with diquark breakup and reformation. Diquark clustering is driven by the same mechanism which dynamically breaks chiral symmetry in the Standard Model. It has numerous observable consequences, the complete elucidation of which requires a framework that also simultaneously expresses the running of the coupling and masses in the strong interaction. Planned experiments are capable of validating this picture.
ulations of lQCD show [19, 20] that the flux tube then disappears instantaneously along its entire length, leaving two isolated colour-singlet systems. The length-scale associated with this effect in QCD is r σ ≃ (1/3) fm and hence if any such string forms, it would dissolve well within hadron interiors.
This discussion has exposed two corollaries of DCSB that are crucial in determining the observable features of the Standard Model. Another equally important consequence of DCSB is less well known. Namely, any interaction capable of creating pseudo-Goldstone modes as bound-states of a light dressedquark and -antiquark, and reproducing the measured value of their leptonic decay constants, will necessarily also generate strong colour-antitriplet correlations between any two dressed quarks contained within a nucleon. Although a rigorous proof within QCD cannot be claimed, this assertion is based upon an accumulated body of evidence, gathered in two decades of studying two-and three-body bound-state problems in hadron physics, e.g. Refs. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . No realistic counter examples are known; and the existence of such diquark correlations is also supported by simulations of lQCD [36, 37] .
The properties of diquark correlations have been charted. Most importantly, diquarks are confined. However, this is not true if the leading-order (rainbow-ladder, RL [23, 38] ) truncation is used to define the associated scattering problem [26] . Corrections to that simplest symmetry-preserving approximation are critical in quark-quark channels: they eliminate boundstate poles from the quark-quark scattering matrix but preserve the strong correlations [23, 27, 28] .
Additionally, owing to properties of charge-conjugation, a diquark with spin-parity J P may be viewed as a partner to the analogous J −P meson [21] . It follows that scalar, isospinzero and pseudovector, isospin-one diquark correlations are the strongest; and whilst no pole-mass exists, the following massscales, which express the strength and range of the correlation and are each bounded below by the partnered meson's mass, may be associated with these diquarks [21, 26, 36, 37] : m [ud] 0 + ≈ 0.7 − 0.8 GeV, m {uu} 1 + ≈ 0.9 − 1.1 GeV, with m {dd} 1 + = m {ud} 1 + = m {uu} 1 + in the isospin symmetric limit. Realistic diquark correlations are also soft. They possess an electromagnetic size that is bounded below by that of the analogous mesonic system, viz. [39, 40] :
with r {uu} 1 + > r [ud] 0 + . As in the meson sector, these scales are all set by that associated with DCSB. It is worth remarking here that in a dynamical theory based on SU(2)-colour, diquarks are colour-singlets. They would thus exist as asymptotic states and form mass-degenerate multiplets with mesons composed from like-flavoured quarks. (These properties are a manifestation of Pauli-Gürsey symmetry [41, 42] .) Consequently, the [ud] 0 + diquark would be massless in the presence of DCSB, matching the pion, and the {ud} 1 + diquark would be degenerate with the theory's ρ-meson. Such identities are lost in changing the gauge group to SU(3)-colour; but clear and instructive similarities between mesons and diquarks nevertheless remain, as we have described above. 3. Diquarks in the nucleon. The bulk of QCD's particular features and nonperturbative phenomena can be traced to the evolution of the strong running coupling. Its unique characteristics are primarily determined by the three-gluon vertex: the fourgluon vertex does not contribute dynamically at leading order in perturbative analyses of matrix elements; and nonperturbative continuum analyses of QCD's gauge sector indicate that satisfactory agreement with gluon propagator results from lQCD simulations is typically obtained without reference to dynamical contributions from the four-gluon vertex, e.g. Refs. [43] [44] [45] [46] [47] [48] [49] [50] [51] . The three-gluon vertex is therefore the dominant factor in producing the class of renormalisation-group-invariant running interactions that have provided both successful descriptions of and predictions for many hadron observables [52] [53] [54] [55] [56] . It is this class of interactions that generates the strong attraction between two quarks which produces tight diquark correlations in analyses of the three valence-quark scattering problem. The existence of tight diquark correlations considerably simplifies analyses of the three valence-quark scattering problem and hence baryon bound states because it reduces that task to solving a Poincaré covariant Faddeev equation [22] , depicted in Fig. 1 . The three gluon vertex is not explicitly part of the bound-state kernel in this picture of the nucleon. Instead, one capitalises on the fact that phase-space factors materially enhance two-body interactions over n ≥ 3-body interactions and exploits the dominant role played by diquark correlations in the two-body subsystems. Then, whilst an explicit three-body term might affect fine details of baryon structure, the dominant effect of non-Abelian multi-gluon vertices is expressed in the formation of diquark correlations. Such a nucleon is then a compound system whose properties and interactions are primarily determined by the quark+diquark structure evident in Fig. 1 .
It is important to highlight that both scalar-isoscalar and pseudovector-isotriplet diquark correlations feature within a nucleon. Any study that neglects pseudovector diquarks is unrealistic because no self-consistent solution of the Faddeev equation in Fig. 1 can produce a nucleon constructed solely from a scalar diquark, e.g. pseudovector diquarks typically provide roughly 150 MeV of attraction [32] . The relative probability of scalar versus pseudovector diquarks in a nucleon is a dynamical statement. Realistic computations predict a scalar diquark strength of approximately 60% [29, 34, 35] . As will become clear, this prediction can be tested by contemporary experiments.
The quark+diquark structure of the nucleon is elucidated in Fig. 2 , which depicts the leading component of its Faddeev amplitude: with the notation of Ref. [34] , s 1 (|p|, cos θ), computed using the Faddeev kernel described therein. This function describes a piece of the quark+scalar-diquark relative momentum correlation. Notably, in this solution of a realistic Faddeev equation there is strong variation with respect to both arguments. Support is concentrated in the forward direction, cos θ > 0, so that alignment of p and P is favoured; and the amplitude peaks at (|p| ≃ M N /6, cos θ = 1), whereat p q ≈ P/2 ≈ p d and hence the natural relative momentum is zero. In the antiparallel direction, cos θ < 0, support is concentrated at |p| = 0, i.e. p q ≈ P/3, p d ≈ 2P/3. A realistic nucleon amplitude is evidently a complicated function; and significant structure is lost if simple interactions and/or truncations are employed in building the Faddeev kernel, e.g. extant treatments of a momentum-independent quark-quark interaction -a contact interaction -produce a Faddeev amplitude that is also momentum independent [57, 58] , a result exposed as unrealistic by Fig. 2 for any probe sensitive to the nucleon interior. A nucleon (and kindred baryons) described by Fig. 1 is a Borromean bound-state, the binding within which has two contributions. One part is expressed in the formation of tight diquark correlations. That is augmented, however, by attraction generated by the quark exchange depicted in the shaded area of Fig. 1 . This exchange ensures that diquark correlations within the nucleon are fully dynamical: no quark holds a special place because each one participates in all diquarks to the fullest extent allowed by its quantum numbers. The continual rearrangement of the quarks guarantees, inter alia, that the nucleon's dressedquark wave function complies with Pauli statistics.
It is impossible to overstate the importance of appreciating that these fully dynamical diquark correlations are vastly different from the static, pointlike "diquarks" which featured in early attempts [59, 60] to understand the baryon spectrum and to explain the so-called missing resonance problem [61] [62] [63] . Modern diquarks are soft, Eq. (1); and, as we shall explain, enforce certain distinct interaction patterns for the singly-and doubly-represented valence-quarks within the proton. On the other hand, the number of states in the spectrum of baryons obtained from the Faddeev equation in Fig. 1 [64] is similar to that found in the three-constituent quark model, just as it is in today's lQCD calculations of this spectrum [65] . 4. Nucleon current. The Poincaré-covariant photon-nucleon interaction current is:
where P i (P f ) is the momentum of the incoming (outgoing) nucleon;
The functions F 1,2 are, respectively, the Dirac and Pauli form factors: F 1 (0) expresses the bound-state's electric charge and F 2 (0), its anomalous magnetic moment, κ N=n,p . Notably, F 2 ≡ 0 for any massless fermion [66] . The Sachs electric and magnetic form factors are, respectively,
A nucleon described by the Faddeev equation in Fig. 1 is constituted from dressed-quarks, any two of which are always correlated as either a scalar or pseudovector diquark. If this is a veracious description of Nature, then the presence of these correlations must be evident in numerous empirical differences between the response of the bound-state's doubly-and singlyrepresented quarks to any probe whose wavelength is small enough to expose the diquarks' nonpointlike character. Associating a monopole mass with the radii in Eqs. (1) , it becomes apparent that this wavelength corresponds to momentum transfers Q 2 m 2 ρ , where m ρ is the ρ-meson's mass. In connection with electromagnetic probes, it is now possible to check these predictions following the appearance of high precision data on the neutron's electric form factor out to Q 2 = 3.4 GeV 2 [67] . The G n E data are significant largely because they can be combined with existing empirical information on G n M , G p E,M in order to produce a flavour separation of the proton's Dirac and Pauli form factors [68, 69] , i.e. a chart of the separate contributions of u-and d-quarks to the proton's form factors. Supposing s-quark contributions are negligible, as seems the case [70] , and assuming charge symmetry, then
In the future, nucleon-to-resonance transition form factors might be used similarly [71] [72] [73] , in which event numerous new windows on baryon structure would be opened. Evaluation of the nucleon currents is detailed in Ref. [34] and the results we describe herein are derived from that analysis, which provides a unified description of the electromagnetic properties of the nucleon, ∆-baryon and Roper resonance [35] . In what follows, it is important to note that the nucleon current can unambiguously be decomposed as follows: 4)]. All partial contributions have been renormalised to produce unity at Q 2 = 0. Data: circles (blue) [76] ; squares (green) [77] ; asterisks (brown) [78] ; and diamonds (purple) [79] .
where k, l, respectively, label the diquark component in the complete Faddeev wave function for the final and initial state. For example, J 11 µ denotes that contribution to the current obtained when one selects for both the final and initial state a scalar diquark correlation with L = 0 in the nucleon's rest frame, and the sum over k, l = 1, 2 expresses the complete scalar-diquark contribution. 5. Verifiable predictions of diquark pairing. Consider the ratio of proton electric and magnetic form factors, A clear conclusion from Fig. 3 is that pseudovector diquark correlations have little influence on the momentum dependence of R EM (Q 2 ). Their contribution is indicated by the dotted (blue) curve, which was obtained by setting the scalar diquark component of the proton's Faddeev amplitude to zero and renormalising the result to unity at Q 2 = 0. As apparent from the dot-dashed (red) curve, the evolution of R EM (Q 2 ) with Q 2 is primarily determined by the proton's scalar diquark component. In this component, the valence d-quark is sequestered inside the soft scalar diquark correlation so that the only objects within the nucleon which can participate in a hard scattering event are the valence u-quarks. (Any interaction with the d-quark attracts a 1/Q 2 suppression because it is always locked into a correlation described by a meson-like form factor [39] .)
It is known from Ref. [55] that scattering from the proton's valence u-quarks is responsible for the momentum dependence of R EM (Q 2 ). However, the dashed (green) curve in Fig. 3 reveals something more, i.e. components of the nucleon associated with quark-diquark orbital angular momentum L = 1 in the nucleon rest frame are critical in explaining the data. No- [29] .) The effect can be understood once it is recalled that a Gordon identity may be used to re-express the γ µ term in Eq. (2) as a sum of two equally important terms, viz. a convection current, as appears in the nonrelativistic case, and a spin current, which leads to a gyromagnetic ratio of two for a pointlike fermion.
It must also be noted that the presence of diquark correlations and the use of a Poincaré covariant framework is insufficient to explain the data in Fig. (3) . It is possible to incorporate both but still fail in this comparison, e.g. Faddeev equation studies based on a quark-quark contact interaction always generate a zero in the neighbourhood Q 2 ≃ 4 M 2 N [57, 58] , and are thus ruled-out by the data. As explained in Refs. [57, 85] , the flaw in those studies is the contact interaction itself, which generates a momentum-independent dressed-quark mass. The existence and location of a zero in R EM (Q 2 ) are a measure of nonperturbative features of the quark-quark interaction, with particular sensitivity to the running of the dressed-quark mass [85] .
It is natural now to consider the proton ratio:
N , drawn in the upper panel of Fig. 4 . As with R EM , the momentum dependence of R 21 (x) is principally determined by the scalar diquark component of the proton. Moreover, the rest-frame L = 1 terms are again seen to be critical in explaining the data: the behaviour of the dashed (green) curve highlights the impact of omitting these components.
These remarks concerning Faddeev wave function components with quark-diquark orbital angular momentum L 0 in the nucleon rest frame are consistent with the relativistic constituent-quark model study of Ref. [86] and the analysis of nucleon spin structure in Ref. [87] . Both explain that at energies accessible now and for the foreseeable future, the nucleon is described by a complex wave function that can be characterised as possessing significant quark orbital angular momentum. This being the case, then helicity conservation can neither be a good approximation in the analysis of extant measurements nor a reliable guide to the interpretation of anticipated data. The same effect is manifest in analyses of the N → ∆ transition [33, 34] .
The lower panel of Fig. 4 displays an analogous ratio for the neutron:
Here the curve obtained in the absence of pseudovector diquarks does not resemble the data, despite the fact that both the scalar-diquark-only and pseudovector-diquark-only curves are finite at x = 0. Apparently, something more than orbital angular momentum and a running quark mass is important in understanding and explaining the behaviour of nucleon electromagnetic form factors; and whatever it is must distinguish between isospin partners. This could have been anticipated from Ref. [29] through a comparison of Figs. 6 and 13 therein: whilst so-called precocious scaling was evident in R 21 (x), this was not the case for R n 21 (x). The additional feature, of course, is the presence of scalar and pseudovector diquark correlations, which have different impacts on the doubly and singly represented valence-quarks. It is natural to seek an explanation for the pattern of behaviour in Fig. 5 . We have emphasised that the proton contains scalar and pseudovector diquark correlations. The dominant piece of its Faddeev wave function is u [ud] ; namely, a u-quark in tandem with a [ud] scalar correlation, which produces 62% of the proton's normalisation [88] . If this were the sole component, then photon-d-quark interactions within the proton would receive a 1/x suppression on x > 1, because the d-quark is sequestered in a soft correlation, whereas a spectator u-quark is always available to participate in a hard interaction. mation. Furthermore, as first remarked in Refs. [89, 90] , scalar diquark correlations cannot be the entire explanation because they alone cannot produce a zero in F Fig. 6 ) the pseudovector correlation provides the leading contribution. The proton's pseudovector component appears in two combinations: u{ud} and d{uu}. The latter involves a hard d-quark and is twice as probable as the former (isospin Clebsch-Gordon algebra). The presence of pseudovector diquarks in the proton therefore guarantees that valence d-quarks will always be available to participate in a hard scattering event. F d 1 possesses a zero because so does each of its separated contributions. (This is evident in Ref. [29] , discussion of Fig. 3, lower-right panel.) The location of the predicted zero therefore depends on the strength of interference with the scalar diquark part of the proton. Hence, like the ratios of valence-quark parton distribution functions at large Bjorken-x [87, 91] , the location of the zero in F d 1 is a measure of the relative probability of finding pseudovector and scalar diquarks in the proton: with all other things held equal, the zero moves toward x = 0 as the probability of finding a pseudovector diquark within the proton increases. Empirical verification of a zero in cious scaling" of R 21 (x) is accidental, existing only on a narrow domain because of fortuitous cancellations amongst the many scattering diagrams involved in expressing the current of a proton comprised from tight quark-quark correlations.
In Fig. 7 we draw analogous figures for the proton's flavourseparated Pauli form factor. Plainly, F u 2 is far more sensitive to interference between scalar and pseudovector diquark correlations than F u 1 . On the other hand, F d 1,2 exhibit similar patterns of interplay between scalar and pseudovector diquarks.
The information contained in Figs. 5 -7 provides clear evidence in support of the notion that many features in the measured behaviour of nucleon electromagnetic form factors are primarily determined by the presence of strong diquark correlations in the nucleon. Importantly, whilst inclusion of a "pion cloud" can potentially improve quantitative agreement with data, it does not qualitatively affect the salient features of the form factors [58, 92] .
6. Summary. We explained how the emergent phenomenon of dynamical chiral symmetry breaking ensures that Poincaré covariant analyses of the three valence-quark scattering problem in continuum quantum field theory yield a picture of the nucleon as a Borromean bound-state, in which binding arises primarily through the sum of two separate contributions. One involves aspects of the non-Abelian character of QCD that are expressed in the strong running coupling and generate tight, dynamical colour-antitriplet quark-quark correlations in the scalar-isoscalar and pseudovector-isotriplet channels. This attraction is magnified by quark exchange associated with di- quark breakup and reformation, which is required in order to ensure that each valence-quark participates in all diquark correlations to the complete extent allowed by its quantum numbers.
Combining these effects, one arrives at a properly antisymmetrised Faddeev wave function for the nucleon and is positioned to compute a wide range of observables. Capitalising on this, we illustrated and emphasised that numerous empirical consequences derive from: Poincaré covariance, which demands the presence of dressed-quark orbital angular momentum in the nucleon; the behaviour of the strong running coupling as expressed, for instance, in the momentumdependence of the dressed-quark mass; and the existence of strong electromagnetically-active scalar and pseudovector diquark correlations within the nucleon, which ensure marked differences between properties associated with doubly-and singly-represented valence-quarks. Planned experiments are therefore capable of validating the proposed picture of the nucleon and placing tight constraints, e.g. on the rate at which dressed-quarks shed their clothing and transform into partons, and the relative probability of finding scalar and pseudovector diquarks within the nucleon.
